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Mechanism of action of angiotensin II on isolated rat glomeruli.
Angiotensin H (Ang II) regulates glomerular filtration rate by contract-
ing mesangial cells and thereby decreasing glomerular filtration surface
area. To elucidate the cellular mechanism of this action, we investigated
the roles of Ca and protein kinase C (PKC) activation in Ang IL-induced
glomerular capillary vasoconstriction using 3H-inulin to measure the
extracellular (largely intracapillary) volume of isolated decapsulated rat
glomeruli. Ang 11(1 M) rapidly decreased the glomerular inulin space
(GIS), bringing about a maximal decrease at five minutes, which lasted
up to 30 minutes. When incubated in 0.5 mat EGTA-containing Ca-free
medium or in the presence of 1 sM diltiazem or verapamil, the sustained
phase (after 7 mm) was completely inhibited. The initial effect (at 3 and
5 mm) was only partially inhibited by these maneuvers but was
completely inhibited by trifluoperazine or W-7, which indicated that it
was dependent on calmodulin and, accordingly, on Ca probably re-
leased from the intracellular store. The sustained effect was mimicked
by 12-0-tetradecanoylphorbol-13-acetate (TPA) in the presence of
extracellular Ca, but was not in its absence. The sustained effect was
also inhibited by H-7, an inhibitor of PKC, and by W-7, which indicated
that PKC activation and influx of extracellular Ca are both important.
Combined treatment with A23l87 and TPA could mimic both the initial
and sustained effect of Ang II in the presence of extracellular Ca,
though either one of them failed to do so when used alone. These results
suggest that the initial effect of Ang IL on GIS is mediated by Ca
released from the intracellular store, on the one hand, and the sustained
effect by extracellular Ca influx and PKC activation, on the other.
Angiotensin II (Ang II) has been known to regulate glomer-
ular filtration rate by contracting mesangial cells [1—5] and
thereby contracting glomerular capillaries [6] and decreasing
glomerular size [7—9] and filtration surface area [10, 11]. We
previously confirmed this action of Ang II by measuring the
extracellular volume of isolated decapsulated rat glomeruli
(mostly being intracapillary volume [12]) using radioactive
inulin [13, 141. Since the mesangial cell is the only one that is
known as a contractile cell responding to Ang II in the glomer-
ulus [15, 16] and the contractility of cultured mesangial cells can
be hardly quantitated [5], our method provides one of the good
indices for evaluating mesangial cell contraction in situ.
On the other hand, it has been demonstrated that the binding
of Ang II to glomerular or mesangial receptors provokes the
hydrolysis of phosphatidylinositol 4, 5-bisphosphate (PIP2) by
phospholipase C [17—20J, yielding two second messengers; one
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is diacylglycerol (DG) which activates protein kinase C (PKC)
[19] and the other inositol 1, 4, 5-trisphosphate (IP3) which
releases Ca from the intracellular Ca store [21, 22]. Each of
these two messengers is known to play a distinct role in Ang
Il-stimulated aldosterone secretion in adrenal glomerulosa:
1P3-induced Ca release is responsible for the initial effect of Ang
II and DG-induced activation of PKC for the sustained effect
[23]. However, the precise roles of these messengers have been
little understood in the Ang TI-induced contraction of mesangial
cells and glomerular capillaries.
In this study, we evaluated the roles of Ca and PKC activa-
tion in Ang-Il stimulated glomeruli by means of isotopic mea-
surement of glomerular intracapillary volume.
Methods
Isolation of glomeruli
Male Sprague-Dawley rats weighing around 200 g, main-
tained on a normal laboratory diet and water ad libitum, were
sacrificed by decapitation. The kidneys were immediately re-
moved and placed in ice-cold Dulbecco's phosphate-buffered
saline (PBS), pH 7.4, containing 137 NaC1, 2.7 KC1, 8.1
Na2HPO4, 1.5 KH2PO4, 0.9 CaCl2, 0.49 MgCI2, and 5.6 glu-
cose, all in the unit of m.
After removing renal capsule, the outer and mid cortices
were dissected and minced with a razor blade to a paste-like
consistency. The minced cortex was mashed through a stainless
steel sieve (pore size 120 Lm) with a spatula. The mash which
passed through this sieve was collected into a beaker and
suspended in ice-cold PBS. The suspension was forced through
a 23-gauge needle and repeatedly washed with ice-cold PBS,
and then passed through two consecutive nylon sieves (133 and
63 sm). The glomeruli retained on the top of the 63 m sieve
were washed off with ice-cold PBS. After centrifugation at 1000
rpm for one minute, the supernate was removed and fresh
ice-cold PBS was added to the glomerular mixture.
By this method, we obtained 10000 to 15000 glomeruli from
one kidney. Under a light microscope, more than 95% of those
glomeruli appeared to be decapsulated and devoid of afferent or
efferent arterioles. The contamination with non-glomerular
fragments in the final suspension did not exceed 5% of isolated
glomeruli. In each experiment, we used about 80000 glomeruli
from four rats, and the glomeruli were incubated in the follow-
ing manner within 60 minutes of killing the rat.
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Measurement of glomerular inulin space (GIS)
GIS was measured according to the method of Savin and
Terreros [121 with minor modifications [13, 14]. Glomeruli were
resuspended in ice-cold PBS which additionally contained 10
mg/ml bovine serum albumin (BSA) and 56 tg/ml of the 1-24
fragment of adrenocorticotropic hormone (ACTH), the latter
being known to inhibit the degradation of Ang II or related
peptides during incubation without affecting their receptor
binding 1241. The glomerular concentration in the incubation
medium was 500 to 1000/100 d because the preliminary result
showed that the 3H radioactivity contained in glomerular pellets
directly correlated with the number of applied glomeruli within
the range from 350 to 2800 glomerulill0o 1 (r = 0.998, N = 6,
data not shown).
After addition of 0.5 iCi 3H-inulin (specific activity 12.3
mCi/g) in 10 d saline, which resulted in a total incubation
volume of 300 .d/tube, the glomeruli were incubated at 37°C for
30 minutes, enough to allow equilibration of the isotope.
Following this preincubation, a varying concentration of Ang
II, which was obtained by dilution with 10 mglml BSA-con-
taming saline, or the same volume (34 p.1) of the solvent (control
vehicle) was added and incubated at 37°C for the indicated time.
In the experiments conducted to study the effect of extracel-
lular Ca depletion, both preincubation and incubation were
performed in the Ca-free medium which, however, was the
same as the above-mentioned incubation medium with respect
to the other constituents. Besides, 0.5 mi [ethylenebis(oxyeth-
ylenenitrilo)]tetraacetic acid (EGTA) was added five minutes
before adding such agents as Ang II or 1 2-0-tetradecanoylphor-
bol-13-acetate (TPA). In the experiments using calmodulin and
PKC inhibitors and Ca channel blockers, they were added at the
start of preincubation (30 mm before addition of Ang II, etc.). In
these experiments to study the effects of extracellular Ca
depletion or various blocking agents, we used the response to 1
p.M Ang II as the positive control because the responses in GIS
to lower concentrations were rather small. The maximal de-
crease was at most 20% which was attained by 1 p.M Ang II.
The reaction was terminated by centrifugation in the follow-
ing fashion: Immediately after incubation for the indicated time,
a 200 p.1 aliquot of the suspension was delivered into an ice-cold
microfuge tube containing 100 p.1 mixed oil (di-n-butyl phtha-
late/olive oil = 5/1, vol/vol). The tube was centrifuged at 3200 x
g for five seconds. The GIS value varied neither with the
centrifugal force within the range from 1700 X g to 9200 X g nor
with the centrifugation time within the range from two sec to ten
sec. During this centrifugation, the glomeruli were spun through
the oil, forming a pellet on the bottom of the tube, while the
incubation medium remained behind. Light microscopically,
the glomerular capillary Inmina were not compressed but re-
mained open after this high speed centrifugation [13].
After taking a supernate sample (50 p.1) from the medium
above the oil, the tube was freezed in a deep freezer (—80°C)
until the remaining medium was frozen. Then, the tip of the
microfuge tube, where the glomerular pellet was contained, was
cut off with a razor blade, and placed in a scintillation vial
containing 500 p.1 of 1% sodium laurylsulfate and 0.05 N NaOH
overnight at room temperature, by which the glomeruli were
solubilized. An aliquot of 1 N HC1 (25 sl) was added into the
scintillation vial to neutralize alkalinity and 8 ml of ACS II was
delivered into it. The supernate sample was also transferred to
the scintillation vial in an identical manner. The 3H radioactiv-
ity of the solubilized glomeruli or supernate was counted in a
liquid scintillation counter (Aloka 703).
The 3H-inulin space of an isolated glomerulus (pI/glomerulus)
was calculated as follows:
3H radioactivity of glomerular pellet (dpm)
3H radioactivity of supernate (dpmlpl)
No. of glomeruli in a sample
The number of glomeruli in 20 p.1 final glomerular suspension
was counted under a light microscope at a magnification of
x 100, and a mean of four determinations was obtained in each
experiment.
Each value of GIS was determined by use of dupli- or
triplicated samples. The data so obtained were normalized to a
percent change from the control GIS before the start of incu-
bation with the control vehicle and expressed as a mean SEM.
The control GIS value we determined was 646 5 p11
glomerulus (N = 154). About 10% of this value was unlikely to
reflect glomerular intracapillary volume, because, even after
repeated washing of centrifuged glomeruli containing 3H-inulin,
they still had 3H radioactivity equivalent to 10% of the pre-
washing value. This nonspecific radioactivity was affected
neither by incubation time or temperature nor by the presence
of Ang II, The hardly-exchangeable 3H-inulin might be con-
tained in, for example, mesangial matrix. Savin and Terreros
[121 reported that the control GIS value was about 850 p1!
glomerulus for Buffalo or Munich-Wistar rat, although they did
not show the body weight of either mammal.
On the other hand, we attempted to ascertain glomerular
intracapillary volume by measuring the weight of glomerular
capillary corrosion casts isolated from the kidney of rats
(weighing 200 g) infused with methacrylate resin via the left
ventricle in vivo [25]. Given the density of the resin (1.078 g!ml)
and the number of glomeruli, we estimated the intracapillary
volume of a glomerulus at 450 p1 (unpublished observation).
This value coincided with the morphologic observation that the
intracapillary volume accounted for about 34% of the total
glomerular volume [26]. The mean diameter of isolated glomer-
uli was 139 p.m in this study. Assuming that the glomerulus was
globular, the total glomerular volume might be 1410 p1 and,
accordingly, the intracapillary volume might be 479 p1. In
consequence, the control GIS value obtained by us came within
the range shown above (450 to 850 pl/glomerulus), so that it
seemed reasonable.
Furthermore, to confirm actual glomerular contraction by
Ang II in the same assay system that we determined GIS, we
measured the change in the diameter of isolated rat glomeruli by
Ang II using a particle counter (Micro- and Computarized
ELZONE, Particle Data Inc., Chicago, Illinois, USA) which
enabled us to determine the diameters of many thousands of
applied particles (in this case, isolated glomeruli) within 10
seconds. We could previously demonstrate the decrease in the
diameter of cultured rat mesangial cells by Ang II using this
method [4]. Ten thousand isolated glomeruli were suspended in
500 p.1 of the same incubation medium that we used for
measuring GIS except for the absence of 3H-inulin, and stimu-
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Fig. 1. The time course of GIS in response to Ang 11 (10 M [•] and
10—10 M [0]) and control vehicle [A]. The incubation medium contained
0.9 m Ca. Values represent means SEM (N = 6). P < 0.05 vs. time
0.
lated by 100 M Ang II for five minutes. The diameter signifi-
cantly (P<0.05) decreased from 138.4 3.8 to 133.9 3.1 jsm
(the mean SEM of 3 separate experiments, in each of which we
calculated the average diameter of iO glomeruli). This decrease
in the diameter (3.9%) was equivalent to about 10% decrease in
the glomerular volume assuming that the glomeruli were glob-
ular, which coincided with the decrease in GIS (10.8 1.9%) by
the same concentration of Ang II. Thus, isolated rat glomeruli
did contract in response to Ang II in our assay system.
Statistical analysis
Statistical analysis was done by paired or unpaired Student's
t-test for non-multiple comparison and by Dunnett's multiple
comparison procedure for multiple comparison [27].
Chemicals
Ang 11(1-Asp, 5-lie Ang II) and saralasin (1-Sar, 8-Ala Ang
II) were purchased from Peptide Institute, Protein Research
Foundation (Osaka, Japan); 3H-inulin was from New England
Nuclear Co. (Boston, Massachusetts, USA), ACS II from
Amersham Japan Co. (Tokyo, Japan), A23 187, trifluoperazine
(TFP, a calmodulin inhibitor [28]), TPA (active phorbol ester
for PKC [29]) and 4a-phorbol 12, l3-didecanoate (4aPDD, an
inactive phorbol ester for PKC [29]) from Sigma Chemical Co.
(St. Louis, Missouri, USA), and naphthalenesulfonamide hy-
drochloride (W-7, a calmodulin inhibitor [30]) and 1-(5-isoquin-
olinylsulfonyl)-2-methyl piperazine (H-7, a PKC inhibitor [31])
from Seikagaku Kogyo Co. (Tokyo, Japan). The 1-24 fragment
of ACTH, diltiazem, and verapamil were gifts from Daiichi
Seiyaku Co. (Tokyo, Japan), Tanabe Seiyaku Co. (Osaka,
Japan), and Eisai Co. (Tokyo, Japan), respectively. All other
chemicals and solvents were reagent grade.
A23 187, W-7, TPA and 4aPDD were dissolved in dimethyl-
sulfoxide (DMSO). In a control experiment, the solution of such
an agent was replaced by an equal volume of DMSO, where
0 1O_12 10_il 10_to i0— 10—8 10—i 10—6 1o—
Ang II concentration, M
Fig.2. The dose-response relationship for Ang II on GIS after five
minute incubation and the inhibitory effect of saralasin. The incubation
medium contained 0.9 m Ca. Values represent means SEM (N = 8).
< 0.05 vs. control, tP < 0.05 vs. Ang II (I0 M) alone.
appropriate. The final concentration of DMSO in the incubation
medium did not exceed 1%.
Results
One LM and 100 M Ang II decreased GIS rapidly in the
presence of 0.9 m Ca. The decrease was significant at three
minutes, reaching a maximum at five minutes. The maximal
decrease was maintained up to 30 minutes (Fig. 1). The GIS
values in response to both Ang II and the control vehicle
fluctuated wide after more than 30 minutes of incubation,
possibly because of the loss or abnormality of the bioreactivity
of some of the prepared glomeruli due to prolonged incubation.
In this study, therefore, we could evaluate the time course of
GIS until 30 minutes after the addition of agents following
30-minute preincubation.
The Ang LI-induced decrease in GIS at five minutes was
significant at a concentration of 10 M or more and dose-
dependent with a half maximal effect at about 50 p. One p.M of
saralasin completely inhibited the GIS decrease induced by 1
flM Ang II (Fig. 2).
When extracellular Ca was depleted by using 0.5 mM EGTA-
containing Ca-free medium, the decrease in GIS by 1 p.M Ang II
was largely inhibited, although small but significant decreases at
three minutes and five minutes (initial effect) were still recog-
nized. The inhibitory effects of 1 p.M diltiazem and verapamil,
Ca channel blockers, were similar to that of extracellular Ca
depletion (Fig. 3). The initial effect (at 5 mm) was inhibited in a
dose-dependent manner by TFP and W-7, both of which are
calmodulin inhibitors (Fig. 4).
The GIS decreases induced by 1 p.M Ang II at seven minutes
and thereafter (sustained effect) were significantly inhibited by
H-7, a PKC inhibitor, whereas the initial effect was not. The
sustained effect was significantly inhibited by W-7 as well (Fig.
5).
With a view to exploring the role of PKC activation in
glomerular contraction, we studied the effect of phorbol esters
on GIS. In response to 10 n TPA, GIS slowly diminished in
the presence of extracellular Ca, though this effect of TPA was
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Fig. 3. The blockade of the action of 10_6 M Ang 11 (•) by extracellular
Ca depletion (A), and by Ca channel blockers (l0 M diltiazem [Lj and
106 M verapamil fOJ) in the presence of exiracellular Ca (0.9 mM).
Values represent means SEM (N = 8). *P < 0.05 vs. time 0. All values
for extracellular Ca depletion and Ca channel-blockade except for the
values at one minute were significantly (P < 0.05) different from each
corresponding value for Ang II alone.
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Fig. 5. The effect of a calmodulin inhibitor (50 /.LM W-7fAj) and a PKC
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Fig. 6. The effect of 108 M TPA on GIS in the presence (•) and
absence (0) ofextracellular Ca. Values represent means SEM (N =
8). P < 0.05 vs. time 0, tP < 0,05 vs. extracellular Ca(+).
extracellular space is intracapillary [121. The validity of this
method was endorsed by our previous studies [13, 14], and our
preliminary experiments (Methods). Furthermore, its availabil-
ity was supported by the present findings: constancy of GIS
when incubated with the control vehicle (Fig. 1), clear dose-
dependency of the GIS-decreasing action of Ang II, and com-
plete inhibition of this action by saralasin (Fig. 2).
The effect of Ang II on GIS and, therefore, on glomerular
2 5 10 20 50 100 200 500
*
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Fig. 4. The effect of various concentrations of calmodulin inhibitors(TFP[SjandW-7f01) on 10-6 MAng If-induced decrease in GIS at five
minutes. The incubation medium contained 0.9 m Ca. Values repre-
sent means SEM (N = 8). *J? < 0.05 vs. Ang H alone.
unseen in the Ca-free ambience (Fig. 6). The TPA-induced
decrease in GIS was significant at seven minutes, becoming
maximal at 30 minutes. The decrease at 30 minutes was
dose-dependent. 4aPDD, an inactive phorbol ester for PKC,
had no effect on GIS (Fig. 7). In response to A23l87, a
Ca-ionophore, GIS reduced rapidly, arriving at a nadir at five
minutes. After then, it showed an upward turn toward the
control level, although a small but significant decrease was still
noticed even at 30 minutes. Treatment with a combination of
TPA and A23 187 could mimic the pattern of GIS response to
Ang II (Fig. 8).
Discussion
In this study, we investigated the action of Ang II on
glomeruli by measuring extracellular volume (H-inulin space)
of isolated decapsulated rat glomeruli, where most part of the
*
Fujiwara et a!: Angiotensin I! action on isolated glomeruli 989
intracapillary volume, was consistent with the morphologic
observation of Hornych, Beaufils and Richet [6], who demon-
strated by scanning electron microscopy that Ang II provoked
glomerular capillary vasoconstriction. This effect of Ang II may
be associated with a reduction in filtration surface area and a
resultant decrease in ultrafiltration coefficient [10, 11].
It is widely accepted that these effects of Ang II are exerted
through contracting mesangial cells. Among glomerular cells,
mesangial cells contain much more actomyosin than other cell
types [32], and are the only known cell type that has specific
Ang II receptors [15, 16]. Cultured mesangial cells, and not
cultured epithelial cells, bear Ang II receptors and contract in
response to Ang II [2]. A reasonable inference can be drawn
from the knowledge accumulated hitherto, as follows: The Ang
IT-induced decrease in GIS may possibly be driven by mesan-
gial cell contraction.
In the meantime, the present observations suggested that Ca
and PKC might play crucial roles in the mechanism of Ang II
action on glomeruli. The sustained effect of Ang II on GIS was
completely inhibited by depletion of extracellular Ca or treat-
ment with Ca channel blockers. In contrast, a small but
significant portion of the initial effect was preserved (Fig. 3). On
the other hand, the initial effect of Ang II was mimicked by
A23 187 (Fig. 8), and completely inhibited by calmodulin inhib-
itors (Fig. 4). We interpreted these results as indicating that the
initial effect is, at least partially, dependent on Ca probably
released from the intracellular Ca store although the presence of
extracellular Ca may amplify the initial response. Assuming
that the effect of Ang II on GIS may be exerted through
contracting mesangial cells, the following two previous obser-
vations are considered to support our interpretation: (1) An
initial transient increase in cytosolic free Ca by Ang II in
cultured mesangial cells occurs in the absence of extracellular
Ca or in the presence of Ca channel blockers [33]; (2) Ang II
provokes PIP2 hydrolysis by phospholipase C with a resultant
increase in 1P3 in cultured mesangial cells in the absence of
extracellular Ca [34]. Therefore, the possibility was raised that
Ca release in mesangial cells from the intracellular Ca store by
1P3 is responsible for the initial effect of Ang II on GIS.
As mentioned already, the sustained effect of Ang II on GIS
was totally inhibited by extracellular Ca depletion and treat-
ment with Ca channel blockers (Fig. 3). These results were
compatible with the earlier findings: the contraction of cultured
mesangial cells [3, 5], the sustained increase in cytosolic free Ca
[33] in these cells, and the decrease in ultrafiltration coefficient
[35] (all these changes were induced by Ang II) were inhibited
by extracellular Ca depletion or Ca channel blockers. The
precise mechanism by which Ca channel blockers inhibit Ang II
action on glomeruli has not been fully clarified. Hassid, Pidikiti
and Gamero [33] reported that cultured mesangial cells did not
respond to a high-potassium depolarizing medium, and sug-
gested the absence of voltage-sensitive Ca channels, which are
well known as a target for Ca channel blockers [36]. Hassid et
al [331 further suggested the presence of specific hormone-
sensitive receptor-operated Ca channels in the cells and the
inhibitory action of Ca channel blockers on them. The sustained
effect of Ang II on GIS was also inhibited by W-7, a calmodulin
inhibitor (Fig. 7). These findings led up to the conclusion that
the sustained effect is dependent on the influx of extracellular
Ca, although the mechanism of Ang Il-induced acceleration of
extracellular Ca influx is obscure.
However, Ca does not seem to be the only factor responsible
for the sustained effect of Ang II on GIS, partly because A23 187
failed to mimic this effect perfectly (Fig. 8) and partly because
H-7, a PKC inhibitor, also inhibited it (Fig. 5). In addition, it
was mimicked by TPA, an activator for PKC, and not by
4aPDD, an inactive phorbol ester for PKC. Therefore, the
sustained effect of Ang II on GIS appeared to be dependent on
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PKC activation, too. The significance of PKC activation in
agonist-induced cell contraction has also been demonstrated in
smooth muscle cells [37]; in these cells, PKC activation is
linked to the phosphorylation of some cellular proteins involved
in sustained-phase contraction, while the phosphorylation of
myosin light chain by Ca-calmodulin dependent protein kinase
is linked to initial-phase contraction.
It is noteworthy that TPA failed to reduce GIS in the absence
of extracellular Ca (Fig. 6). The extracellular Ca-dependency of
the response to phorbol ester was also reported in the contrac-
tion of skinned vascular smooth muscle [38]. However, the
interpretation of this finding is still controversial. TPA might fail
to activate PKC in an extracellular Ca-free environment, pos-
sibly resulting in a decrease in the basal level of cytosolic free
Ca. However, it was described that in a cell-free system, to
which Ca was not added, TPA activated partially-purified PKC,
even in the presence of EUTA [39]. In the present study as well,
PKC might have been activated by TPA in the absence of
extracellular Ca, although we did not directly measure the
activity of PKC. Inconsideration of the possible ability of TPA
to activate PKC in the absence of extracellular Ca, the extra-
cellular Ca dependency of TPA action raises the possibility that
PKC activation may lead to an enhancement of Ca influx and
the entered Ca may be essential for some intracellular process-
(es) between PKC activation and 015 reduction. It has been
reported that, in some cell types including rat pituitary cells [40]
and osteoblast-like cloned osteosarcoma cell line (UMR-l06)
[41], not in some other cell types [42, 43], the activation of PKC
by TPA or synthetic DO causes Ca influx through stimulating
plasma membrane Ca channels. Therefore, PKC activation is
important for Ang II to exert a sustained effect on GIS either by
enhancing Ca influx or by phosphorylating some proteins
involved in the sustained cell contraction, or through both
mechanisms. Whatever the case may be, the extracellular Ca
dependency of GIS response to TPA may explain the reason
why the sustained effect of Ang II, for which PKC activation
was probably crucial, was perfectly inhibited by extracellular
Ca depletion and treatment with Ca channel blockers.
In conclusion, our observations suggest that Ang II decreases
015, and further that the initial effect of Ang II on GIS is
dependent on Ca released from the intracellular Ca store, on the
one hand, and the sustained effect on extracellular Ca influx and
PKC activation, on the other.
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